Key Words fluorescence resonance energy transfer, lanthanide, luminescence s Abstract Using luminescent lanthanides, instead of conventional fluorophores, as donor molecules in resonance energy transfer measurements offers many technical advantages and opens up a wide range of new applications. Advantages include farther measurable distances (∼100Å) with greater accuracy, insensitivity to incomplete labeling, and the ability to use generic relatively large labels, when necessary. Applications highlighted include the study of ion channels in living cells, protein-protein interaction in cells, DNA-protein complexes, and high-throughput screening assays to measure peptide dimerization associated with DNA transcription factors and ligand-receptor interactions.
INTRODUCTION TO LANTHANIDE LUMINESCENCE AND ITS APPLICATIONS
Luminescent lanthanide chelates have highly unusual spectral characteristics that make them useful nonisotopic alternatives to organic fluorophores, particularly where there are problems of background autofluorescence (40, 53) . They are also useful donors in fluorescence (luminescence) resonance energy transfer to measure nanometer conformational changes and binding events (42, 50, 57) . In this review we focus on the use of lanthanides in energy transfer experiments.
Fluorescence resonance energy transfer (FRET) is a widely used technique to measure the distance between two points separated by approximately 15-100Å (10, 12, 16, 49, 51) . Measurements can be done under physiological conditions in vitro and especially with genetically encoded dyes, often in vivo as well. The technique relies on a distant-dependent transfer of energy from a donor fluorophore to an acceptor dye. Energy transfer leads to spectral changes, including changes in donor intensity, excited-state lifetime, and photobleaching rates, as well as acceptor changes. By monitoring these changes, the amount of energy transfer can be deduced, and with suitable calibrations one can then infer the distance. FRET has generally relied on organic-based dyes. However, a recent modification of the technique uses a luminescent lanthanide donor to transfer energy to an (organic-based) acceptor dye. Because lanthanide emission is technically not fluorescence (i.e., arising from a singlet-to-singlet transition), this has been called lanthanide-based or luminescence resonance energy transfer (LRET). LRET has a number of technical advantages compared to conventional FRET but relies on the same fundamental mechanism: subject to careful interpretation of various terms. Technical advantages include larger measurable distance range (>100Å), with significantly greater accuracy and signal to background, and insensitivity to incomplete probe labeling.
First we briefly discuss the luminescent and photophysical characteristics of lanthanides, followed by a brief review of FRET theory and measurement, highlighting those areas where lanthanides differ from conventional probes. We then show a number of applications where LRET has enabled new types of systems to be studied: ion channels in living cells, the molecular motor myosin in vitro and in vivo, and the detection of binding events in high-throughput drug screening assays. Figure 1 shows four prototypical luminescent lanthanide probes. All contain an organic chromophore, which serves as an antenna or sensitizer, absorbing the excitation light and transferring the energy to the lanthanide ion. An antenna is necessary because of the inherently weak absorbance of the lanthanide (1 M the lanthanide tightly, shielding the lanthanide ion from the quenching effects of water, and acting as a scaffold for attachment of the antenna and a reactive group, the latter for coupling the chelate complex to biomolecules. In the cryptates, LANCE, and terpyridine probes (Figure 1b-d ) , the antenna is involved in binding the lanthanide; hence logically there is not a clear separation between chelate and antenna, whereas in the polyaminocarboxylate chelates such as DTPA-cs124 ( Figure 1a ) the DTPA chelate and cs124 antenna are distinct entities. All four sets of probes shown have been used as detection agents to replace either conventional fluorescent probes or radioactive probes [reviewed in (48) ] where subpicomolar detection limits have been achieved (13, 21, 43, 47, 54, 64) . They have also been used in resonance energy transfer application, which is the focus of this review (2, 6, 9, 17, 23, 25, 29, 34, 41-43, 55, 57, 62) . The predominant application of the cryptates (commercialized by CIS-Bio International and Packard Instruments) and LANCE (commercialized by Wallac, now part of Perkin Elmer) have been in binding assays associated with high-throughput screening, whereas the primary application of the polyaminocarboxylate compounds have been in basic studies to measure conformational changes. However, all such chelates can be used in both applications. We focus on the polyaminocarboxylate chelates such as DTPA-cs124. Figure 2a shows the emission spectra and Figure 2b shows the excited-state lifetime characteristics of the DTPA-cs124 bound to either terbium or europium. These two are by far the most useful lanthanides. Dy and Sm are the only other two lanthanides that emit in the visible but with much weaker intensity (65) . Excitation of the antenna is in the ultraviolet, typically utilizing the convenient nitrogen laser (337 nm), although flash lamps can also be used. Emission is in the green (Tb) and red (Eu). This large Stokes shift enables facile discrimination against excitation light. Eu and Tb emission are sharply spiked in wavelength, with long (msec) excited-state lifetimes. These attributes are important for resonance energy transfer applications (see below). The sharply spiked spectra occur because emission is atomic-like and the chelate shields the atom from broadening effects of the solvent. The long lifetime occurs because the electronic transitions involved in emission are formally forbidden by various selection rules (3). More specifically, emission arises from a 4f to 4f electronic transition and hence is parity forbidden; it also involves a high spin to high spin transition from an S = 2 state (  5 D 4 for  Tb   3+   ,  5 D 0 for Eu  3+ ) to an S = 3 state ( 7 F J , where J = 0-6). The high spin nature of the transitions is why emission is formally neither fluorescence (singlet-tosinglet transition) nor phosphorescence (triplet-to-singlet transition). Despite the unusual nature of the atomic states, emission primarily arises from electric dipole transitions (3, 15) . This is important because it is the same mechanism used by organic fluorophores. Hence, the electric field produced by a lanthanide donor and by an organic donor have the same distance dependence, i.e., they both decrease as 1/R 3 for distances wavelength of light. Ultimately, this leads to the same distance dependence, R −6 , for resonance energy transfer measurements using either lanthanides or organic donors.
CHARACTERISTICS OF LUMINESCENT LANTHANIDE PROBES
The emission quantum yield for terbium or europium in the chelates is also quite high (15) . This is important because the efficiency of energy transfer is proportional to the donor quantum yield (Equations 3 and 5). By lanthanide quantum yield, Q Ln , we mean the probability that the lanthanide will emit a photon given that the lanthanide is excited. This definition is similar to that used with conventional fluorophores, although there is a subtlety. Lanthanide excitation is a two-step process: The antenna absorbs a photon and then passes this energy onto the lanthanide with some finite probability (≡Q transfer ≤ 1) (Figure 3 ). The lanthanide then emits with some probability, i.e., the quantum yield mentioned above, Q Ln . The overall probability that the lanthanide will emit a photon (Q total ), given that an excitation photon was absorbed by the complex (antenna), is
For organic fluorophores, Q transfer ≡ 1 and hence Q total = Q Ln . For Tb 3+ and Eu 3+ in polyaminocarboxylate chelates such as in Figure 1a , Q transfer = 0.4-0.75 and Q total = 0.1-0.4 (64) . In any case, the efficiency of energy transfer (related to R o , the distance at which half the donor's energy is transferred to the acceptor, e.g., Equation 5 ) is proportional to Q Ln , and Q total is only relevant in that it affects the total brightness of the sample. 
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In order for the lanthanides to be useful in bioassays, the chelates must have a reactive group for attachment to biomolecules. Fortunately, the standard reactive groups can be coupled to the chelates: Amine-reactive groups such as isothiocyanates (36) and thiol-reactive groups such as maleimides, bromoacetamides, and pyridyl dithio (8) have been made for the polyaminocarboxylate chelates. The same or similar reactive groups have been made for the LANCE (58) and cryptates (see also www.perkinelmer.com). The reactive groups can, however, lead to more complicated photophysics in that they can interact with the antenna molecules or adopt multiple conformations, leading to multi-exponential lanthanide decays, particularly with terbium (8).
LANTHANIDE-BASED RESONANCE ENERGY TRANSFER
In resonance energy transfer experiments, using lanthanides as donors to transfer energy to organic-based acceptors leads to many technical advantages compared to using all-organic dyes. Because lanthanide emission is not formally fluorescence, we call the technique lanthanide-or luminescence-resonancy energy transfer (LRET), as opposed to FRET, for which we mean energy transfer using organic dyes. Despite the differences, the mechanism of energy transfer is the same in FRET and LRET; hence the underlying theory and formulas can be used, subject to careful interpretation of various terms. Here we quickly review the theory and measurement of FRET and highlight those parts relevant or different in LRET.
FRET and its derivative, LRET, are techniques for measuring the distance between two points that are separated by approximately 15-100Å. The techniques are valuable because measurements can be made under physiological (or other) conditions with near-Angstrom resolution and with the exquisite sensitivity of fluorescence measurements. In FRET or LRET, a donor fluorophore is excited and transfers energy to an acceptor fluorophore in a distant-dependent fashion. The classical physics view of this process is that the donor, after being excited, produces an oscillating electric dipole field that decays with distance (R). At distances less than the wavelength of light (λ), the electric field predominantly drops off as
, which is simply the electric part of the propagating field that is the emitted photons.) An acceptor, if nearby and containing energy levels corresponding to the frequencies of the oscillating electric field, can interact with this field and become excited, taking energy. The probability of the acceptor being excited depends on the square of the electric field strength and hence decays as R −6 for R λ, the relevant distance scale in FRET/LRET (λ ≈ 500 nm). Energy transfer also depends on how well the acceptor energy levels match the frequencies of the donor (the so-called spectral overlap term, e.g., Equation 6 ). Finally, energy transfer may also depend on the orientation of the donor and acceptor (the "κ 2 " term, e.g., Equations 5 and 7) because the electric field of the donor may be polarized and anisotropic.
The efficiency of energy transfer, E, is defined as the probability that an excited donor will return to the ground state by giving its energy to an acceptor. This can be written as
where k et is the rate of energy transfer and is distant-dependent, and k nd is the rate of all other donor decay processes, such as the radiative and nonradiative rates of donor decay. These latter processes clearly do not depend on the donor-acceptor distances. The donor lifetime in absence of acceptor is τ D . Note that E depends on the ratio k et to other processes but does not depend on the absolute donor lifetime. In FRET, donor rates (or lifetimes) and energy transfer rates are in the nanosecond range, whereas in LRET they are in the millisecond range; both can yield similar values of E. As a side point, if the distance between the probes changes slowly on the FRET timescale, but quickly on the LRET timescale, the two techniques can give dramatically different energy transfer efficiencies. Indeed, one signature of such dynamics is if LRET gives a much higher E than FRET (7) . Because the rate of energy transfer depends on the R −6 distance between donor and acceptor, Equation 2 can be rewritten as
or, rearranging,
where R o is a constant depending on the spectral properties of the dyes as well as their relative orientation, and it is the distance at which E = 0.5. Consequently, if R o can be determined or calculated and E measured spectroscopically, then FRET/LRET can be used as a spectroscopic ruler to determine distances (56) . R o is usually calculated from the spectral properties of donor and acceptor (5):
where J is the normalized spectral overlap of the donor emission (f D ) and acceptor absorption (ε A in units of M
, where M is units of Moles/liter), q D is the quantum efficiency (or quantum yield) for donor emission in the absence of acceptor (q D = number of photons emitted divided by number of photons absorbed), n is the index of refraction (1.33 for water; 1.29 for many organic molecules), and κ 2 is a geometric factor related to the relative orientation of the transition dipoles of the donor and acceptor and their relative orientation in space. Note that for LRET, q D in Equation 5 is Q Ln and not Q total (Equation 1). This is because Q Ln , not Q total , determined the strength of the donor's electric field.
The orientation term, κ 2 , in R o , is often a source of uncertainty in FRET measurements. It is defined as
282 SELVIN where θ DA is the angle between the donor and acceptor transition dipole moments, and θ D (θ A ) is the angle between the donor (acceptor) transition dipole moment and the R vector joining the two dyes. By measuring the polarization of donor and acceptor emission, constraints on these angles can often be imposed, reducingalthough usually not completely eliminating-the uncertainty in κ
2
. κ 2 ranges from 0 if all angles are 90 degrees to 4 if all angles are zero degrees, and it equals 2/3 if the donor and acceptor rapidly and completely rotate during the donor excited-state lifetime (14) . If the donor is unpolarized, as is the case for terbium and usually europium (J. G. Reifenberger, G. E. Snyder & P. R. Selvin, manuscript in preparation), and the acceptor is completely rigid and either parallel (κ 2 = 2/3) or perpendicular (κ 2 = 1/3) to the radius vector, then 1/3 < κ 2 < 2/3. This limits the worst case error in R o to −11% +12% if one simply assumes κ 2 = 2/3. Furthermore, because the lanthanides have millisecond lifetimes, the acceptor will likely rotate during this time, making κ 2 very close to 2/3. Hence, the error in distances measured via LRET due to the orientation factor is essentially negligible. This in turn makes the distance determination via LRET generally more accurate than FRET because the orientation factor in FRET is often poorly known.
Finally, R o is also proportional to J, the spectral overlap. The lanthanides have highly spiked emission spectra in regions where several excellent dyes absorb (Figure 2a ), e.g., the Tb 3+ 490 nm emission peak overlaps well with fluorescein, green fluorescent protein, and Alexa 488 absorption; the Tb 3+ 546 nm peak overlaps with Cy3, tetramethylrhodamine, Alexa 546, and R-phycoerythrin absorption; the Eu 617 nm peak overlaps with Cy5, Alexa 633, and allophycocyanin absorption. Consequently, J for LRET can be unusually large. When combined with a high Q Ln , the R o in LRET can also be quite large (Table 1) .
Measuring E
In Figure 4 , an energy transfer experiment between a terbium-labeled DNA and a rhodamine-labeled DNA complement is shown (52) . This example highlights various ways of measuring energy transfer. In FRET and LRET there are several ways of measuring E: a reduction in donor intensity in the presence of acceptor because some of the energy is going to the acceptor instead of into donor emission, by a decrease in donor excited-state lifetime because energy transfer to the acceptor is an additional relaxation pathway of the donor's excited state, or by an increase in acceptor fluorescence because the acceptor is receiving energy from the donor and converting this energy into acceptor fluorescence. In LRET, E can also be measured via the sensitized-emission lifetime (see below). In FRET (but not LRET) E can also be measured by an increase in the photostability of the donor in the presence of acceptor because energy transfer to the acceptor decreases the donor's excited-state lifetime, and photobleaching is generally proportional to the amount of time the dye spends in its excited state. Finally FRET and potentially LRET can be measured by an increase in donor intensity following photodestruction of the acceptor (30) . 71.0 (ε max = 700k @ 652 nm) * J and R o calculated for terbium and europium using corrected emission spectra and quantum yields for lanthanide bound to DTPA-cs124 in aqueous solutions (q Tb = 0.48; q Eu = 0.17). J and R o in D 2 O and in other chelates with same emission spectra can be determined by multiplying by the appropriate quantum yields, found in (64). Other constants: n = 1.33; κ 2 = 2/3. The emission spectra of Tb 3+ and Eu 3+ are insensitive to attachment to biomolecules, although the absorption spectra of the acceptor dye can be somewhat sensitive to attachment. Absorption spectra of R phycoerythrin and allophycocyanin are from Molecular Probes Inc., and Cy-3 from Amersham.
The efficiency of energy transfer (E) is then Although using absolute intensities, I D A , I D , is conceptually straightforward, it involves matching concentrations of two different samples and hence is prone to titration errors. Lifetime measurements avoid this problem and also resolve multiple species with different E's. Figure 4b shows a single-exponential donor-only lifetime that is reduced upon hybridization with an acceptor-containing DNA strand. Starting with a single-exponential donor-only lifetime is not essential but significantly simplifies the analysis of complex donor-acceptor mixtures. Titrating in with substoichiometric amounts of acceptor strand leads to two populations and hence a bi-exponential donor decay: a donor-only unhybridized strand (τ D A = 2.1 msec) and donor-acceptor double-stranded DNA (τ D A = 330 µsec). The amount of energy in the donor-acceptor pair can be calculated in Equation 8 using the 330-µsec lifetime and the donor-only lifetime of a terbium DNA hybridized to an unlabeled complementary DNA, which is 2.8 msec (data not shown). The relative populations of the two species can be determined by their pre-exponential amplitudes. Titrating in more acceptor strand increases the amplitude of the short time component but leaves its lifetime unchanged, as expected.
In LRET, E can also be measured by measuring the lifetime of the sensitized emission of acceptor (Figure 4b, curve D) . The donor is excited by a pulse of light, the direct acceptor emission decays in nanoseconds, and any acceptor emission after this initial delay is therefore due only to energy transfer received by the acceptor from the long-lived donor. Its lifetime, τ A D , will follow the donor's lifetime, τ D A . Importantly, τ A D can be measured without contaminating background from either direct acceptor fluorescence via temporal discrimination or from donor emission via spectral discrimination. The latter is possible because the donor is sharply spiked in emission spectra, including regions where the donor is dark yet where the acceptor fluoresces. For example terbium is dark around 520 nm and 570 nm, where fluorescein and tetramethylrhodamine emit, respectively. Consequently, the temporal decay of the acceptor-sensitized emission can be measured with no background, from either donor leakage or direct acceptor leakage. This sensitized-emission lifetime is a powerful advantage of LRET because it only arises from donor-acceptor pairs. In Figure 4b , curve D, the sensitized-emisison lifetime closely matches the short component of the donor lifetime; however, it does not have contamination from the donor-only DNA strands. The pre-exponential amplitudes of a sensitized-emission decay correspond to the population of excited acceptors. Hence, in a multi-exponential decay corresponding to a distribution of donor-acceptor pairs, the pre-exponential terms are the product of the individual energy transfer efficiencies and their populations (24) . This is in contrast to the donor decay, where the amplitudes are just proportional to populations.
E can also be determined by measuring the increase in fluorescence of the acceptor due to energy transfer and comparing this to the residual donor emission,
where I D A is the integrated area under the donor-emission curve in the presence of acceptor, I A D is the integrated area of the sensitized emission of the acceptor (i.e., not including the fluorescence due to direct excitation of the acceptor by the exciting light source), and q i is the quantum yield for donor or acceptor. The integrated areas are determined by curve-fitting the spectrum to the sum of a donor-only and acceptor-only spectra. Qualitatively, this equation says that energy transfer takes area under the donor-emission curve to area under the acceptor curve. Because E is defined in terms of excitations, not emissions, these areas are normalized by their quantum yields, which is just the ratio of emissions to excitations. More specifically, the numerator is the number of excitations of the acceptor due to energy transfer. The left-hand term of the denominator is the number of donor excitations that do not lead to energy transfer. The right-hand term is the donor excitations that do lead to energy transfer, i.e., acceptor excitation. Figure 4c shows the time-delayed emission spectra of the donor and donoracceptor complex (corresponding to curve C in Figure 4b ), which can be used to determine the two intensities in Equation 9 . The donor-acceptor sample is excited using a short excitation pulse, and emission is detected after a few tens of microseconds delay. This procedure eliminates all prompt fluorescence of the acceptor. It also eliminates any contribution from acceptor-only species, if present, as well as any direct fluorescence from the antenna, both of which have nanosecond lifetimes. The donor-acceptor spectrum is then fit to the sum of a donor and acceptor spectra, with I D A being the area due to donor emission and I A D equal to the area under the acceptor emission. Note that the absolute concentrations of the donoronly species, the acceptor-only species, and the donor-acceptor species are irrelevant. In practice, the curve-fitting is done as follows: The donor-only spectra and donor-acceptor spectra are normalized at the 490-nm peak, or at any point where SELVIN there is no acceptor fluorescence. The donor-only curve is then subtracted from the donor-acceptor spectra, and the difference is the sensitized-emission curve, with area I A D . This should have the same shape as an acceptor-only emission spectra. I D A is simply the area under the donor-curve. (Although we always take a donor-only spectra as a control (dashed line, Figure 4c ), the spectral shape of Tb-DTPA-cs124 does not change under any condition tested; hence a donor-only spectrum taken once is likely to remain unchanged.)
There are two additional points needed to properly use Equation 9. First, the emission spectra must be corrected for wavelength sensitivity of the detector. This is done via conventional means, using an emission source (standard lamp or a dye) whose emission spectra are known (35) . Second, the donor and acceptor quantum yields must be measured. Fortunately, we have recently determined the quantum yield of Tb 3+ and Eu 3+ in free polyaminocarboxylate chelates (64) . The quantum yield of lanthanide chelates bound to biomolecules can then simply be determined by comparing lifetimes to the free chelates. Acceptor quantum yields can be measured by conventional means: intensity or lifetime comparison to standards such as fluorescein [QY = 0.93 in 1 N NaOH (61) The importance of Equation 9 is that it allows accurate measurement of relatively small amounts of energy transfer (distances >R o ). It is also interesting to note, although not widely appreciated, that by combining equations 4, 5, and 9, the calculated distance depends only on the acceptor quantum yield and not on the donor quantum yield:
where C is simply all the constants in R o except q D . Finally, Equations 9 and 10 can also be used in conventional FRET, but here the direct excitation of acceptor must first be subtracted off (11) . In summary, the advantages of LRET include large signals (big R o s) with low backgrounds, enabling long distances to be determined with little uncertainty due to orientation factors. Energy transfer can be measured accurately because absolute concentrations do not matter via spectral measurements, and the µsec-msec lifetimes can be measured accurately via temporal measurements. The extent of donor and acceptor incorporation has only a minor effect on LRET measurements because, via sensitized-emission lifetime measurements, donor-only and acceptoronly species do not contribute contaminating backgrounds. This lack of sensitivity to incomplete labeling is particularly important in cellular applications, where 100% labeling and purification cannot usually be achieved.
Instrumentation
The instrumentation used to perform LRET is relatively simple, although slightly more complex than conventational steady-state fluorimeters. The general requirements are a pulsed UV excitation source and time-resolved detection. The pulsed excitation source is usually a nitrogen laser (337 nm, 5-nsec pulse-width typical, 20-50-Hz repetition rate). For lifetime measurements, a photomultiplier tube with suitable color filters and counting electronics is used. For time-delayed spectra, a spectrometer, typically utilizing diffraction gratings, and either a time-gated photomultiplier tube or preferably a CCD, gated either electronically or with a mechanical chopper, are used. A schematic of the instrument built in my laboratory is shown in Figure 5 and details are given elsewhere (63, 64) .
APPLICATIONS
The technical advantages of LRET open up many applications. We highlight a few representative examples from my lab, as well as from others.
Ion Channels
We have used LRET to measure conformational changes in the Shaker potassium ion channel, a voltage-gated channel involved in nerve impulses. In many ways this is an extremely demanding use of LRET. The measurement is on a living cell (Xenopus oocytes); hence purification of completely labeled donor-acceptor SELVIN species is not possible. Indeed, a heterogeneous mixture of labeled proteins exists, all in the presence of nonspecific labeling to other membrane components. Furthermore, two distances are expected to exist (see below) and the distance changes (as a function of voltage-see below) are quite small-a fewÅngstroms. The technical advantages of LRET help overcome these difficulties.
The channel is a transmembrane protein, consisting of four identical subunits (Figure 6a,b ) with fourfold symmetry. Each subunit contains six transmembranespanning segments, S1-S6 (Figure 6c) . A pore, or channel, is formed at the intersection of the four subunits, which is opened or closed, i.e., gated, depending on the voltage across the cell membrane. At the resting transmembrane potential of approximately −60 mV, the pore is closed. Upon depolarization to approximately 0 mV, the protein undergoes a conformational change that ultimately leads to an opening of the pore, allowing potassium ions to flow from the inside to outside of the cell, down its electrochemical gradient. The flow of potassium ions along with the flow of sodium ions through analogous sodium channel are the electrical currents that form nerve impulses.
One of the transmembrane segments, S4, is known as the "voltage sensor" and contains seven positively charged amino acids. These charges feel a force due to the transmembrane potential or electric field and are likely to move in response to changes in these fields. A second segment, S2, also contains some positively charged residues and likely plays a secondary role in voltage sensing as well.
Fundamental questions remain regarding how the channel senses and responds to voltage. What is the structure of the S4, e.g., is it an alpha helix? How does it sit in the membrane-perpendicular to the membrane or tilted at an angle? How does the S4 move in response to voltage changes? Does it move like a plunger, e.g., moving up and down, perpendicular, or at some angle to the membrane? Or does it rotate like a knob, perhaps with little transmembrane motion? Or is the movement some combination, perhaps like a corkscrew rotating and translating? And finally, how is the motion of S4 coupled to the pore region such that a motion of S4 leads to opening and closing of the pore?
Cysteine-scanning mutagenesis is the most common method for detecting conformational changes in ion channels. The idea is to look at changes in accessibility of engineered cysteines to external-labeling reagents. Labeling of reagents can be detected if they have an effect on ionic or gating currents. (Ionic current is the flow of potassium ions through the pore; gating currents are transient currents created by the movement of the charged residues in the protein, mostly on S4 and S2.) This method, however, is quite indirect since changes in labeling efficiency can be due to several factors and not all sites lead to changes in gating properties. Isacoff et al. (39) , and shortly thereafter, Bezanilla and colleagues (5a), introduced the use of fluorescent-labeling reagents to detect conformational changes. Here a fluorophore was attached to an engineered cysteine in S4 and changes in fluorescence with changes in voltage were measured. These fluorescence changes were interpreted as arising from changes in the local environment around the fluorophore, e.g., from a more hydrophic or membrane-like environment to a more water-like Labeling is done such that there are 3 donors (black) and only one acceptor (white) per channel. Specific labeling is achieved by introducing a unique cysteine in the S3-S4 linker, near S4, which is the voltage sensor. environment (39) . This led Isacoff et al. to postulate a translational, transmembrane movement of the S4, bringing fluorophores buried inside the membrane to a more extracellular region. However, changes in fluorescence are also an indirect measurement of conformational changes. FRET, or LRET, is a much more direct measure (51) . In more recent work the Isacoff group (18) used FRET to measure S4 motion, and the Bezanilla and Selvin groups used LRET (6). Both concluded there was a rotation of S4, although based on the LRET methodology, Bezanilla and Selvin concluded there was not a large transmembrane movement, whereas the Isacoff group argued such a motion may exist. A detailed comparison of the two experiments has been published (27) . Here we review the LRET experiment.
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For labeling the channel, a single engineered cysteine was introduced at various positions in the S3-S4 linker, near the top of the S4. Each channel therefore contains four cysteines, one on each subunit. Conveniently, the Shaker channel does not contain native cysteines that are reactive to extracellularly applied probes. Channels were expressed in Xenopus oocytes and labeled with a mixture of donor and acceptor probes, the donor in excess to ensure that most channels contain at most only one acceptor. Under this condition, two different donor-acceptor distances are expected (Figure 6b) . A donor sees an acceptor on a contiguous subunit (distance R SC ) or on a subunit across the pore (distance R SA ). To measure these distances, we focused on measuring the sensitized-emission lifetime. This has the great advantage that those channels containing all donors-the majority of channels-do not contribute signal and can be ignored. (Those containing all acceptors can also be ignored, although this is a small fraction of the channels.) We therefore expect the sensitized-emission lifetime to be bi-exponential, with the shorter lifetime corresponding to the greater E and shorter distance. Figure 7a shows this behavior for a probe labeled at position 346. The two distances are in excellent agreement with the expected Pythagorean relationship. By placing probes at various positions, ranging from 363 near the top of S4 to 346 near the middle of the S3-S4 linker, we found that the intersubunit distances decreased. This implies that S3-S4 (and perhaps S4) is tilted toward the pore as one moves in the extracellular direction.
In FRET, and to a certain extent in LRET, absolute distances are always more difficult to measure than relative distances. However, to check whether our absolute distances were reasonable, we measured distances between residues 425. This residue is found in the crystal structure of the KcsA channel, a (nonvoltagegated) prokaryotic analog of Shaker containing two transmembranes per subunit, analogous to S5 and S6. We found R SA = 30Å, in excellent agreement with the C α − C α 29Å distance in the crystal structure. Furthermore, after publication of our LRET results, other workers measured distances using "tethered linkers" and found excellent agreement in absolute distances to our results (1). This is in sharp contrast to the FRET results (18) , which yielded much larger absolute distances. The latter probably occurred because of uncertainties in donor quantum yields and possibly because of the κ 2 factor. Next we measured intersubunit distances as a function of voltage. Changes in lifetime and hence distances between site 346 near S4 are shown in Figure 7b . Figure 7c shows a plot of R SC versus voltage, superimposed on gating charge movement. Strikingly, the changes in distance at 346 strongly mirror gating charge movement, implying that the distances we measure at 346 are related to the charge movement in S4 and functioning of the channel. By modeling the distance versus voltage curve, we concluded that a large transmembrane motion did not occur (6) . Furthermore, small but statistically significant changes in distance were found at positions 350, 351, and 352, where 351 moved farther apart, 350 remained unchanged, and 352 moved closer together (Figure 8a ). The simplest model to account for this nonmonotonic behavior is to postulate that the S3-S4 linker is helical and undergoes a rotation about its long axis (Figure 8b ). Because the S3-S4 linker distance changes are coupled closely to the charge movement of S4, S4 may also undergo a rotation (Figure 8c ) in response to voltage. That such small distance changes can be measured is a tribute to the power of LRET, although interpretation of such small distance changes must be made with caution. Interestingly, a rotation in ligand-gated ion channels (26, 28) and a transporter (37) has recently been measured, which suggests that helix rotation may be a general feature of membrane channels.
LANTHANIDE PROBES FOR ENERGY TRANSFER
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APPLICATION 2: CONFORMATIONAL CHANGES IN A RNA POLYMERASE SUBUNIT UPON DNA BINDING
Protein-Induced DNA Bends
The Heyduk lab has been active in using LRET to study DNA-protein interactions. In one of their earlier works they used LRET to measure protein-induced DNA bending (25) , which is involved in the packaging and regulation of DNA. They used LRET, for example, to measure the bending of a 30mer double-stranded DNA oligomer by a class of proteins known as high-mobility group (HMG) proteins. The DNA was 5 -labeled with europium and Cy5, and distances out to 100Å were measured with energy transfer efficiencies of less than 3%. This was possible because of LRET's capability to accurately determine lifetimes, especially when the donor is single exponential. The Ebright lab has also recently applied LRET using a terbium chelate to measure 100Å distances in DNA complexes bent by the CAP protein (32) .
Recently, Heyduk and coworkers have used LRET to study conformational changes in RNA polymerase upon binding to DNA and transcription initiation in prokaryotes (4, 23) . The first step in transcription initiation in prokaryotes involves recognition of promoter DNA sequence by a multisubunit enzyme RNA polymerase [reviewed in (20) ]. One of the subunits, σ
70
, is involved in the initial recognition of the promoter DNA via direct protein-DNA contacts separated by ∼17 base pairs. σ 70 exists in the cell in two major forms: free and in complex with the remaining RNA polymerase subunits (core polymerase). However, only σ 70 in complex with the core RNA polymerase is able to specifically recognize promoter DNA, whereas the free σ 70 does not bind to promoter DNA. Thus, the promoter recognition capabilities of σ 70 are allosterically regulated by an interaction of σ 70 with the core polymerase. LRET experiments were used to investigate the nature of the regulation of σ 70 promoter DNA-binding activity (4) . The idea was to look for conformational differences in σ 70 in the bound and free form that might affect its DNA-recognition ability. The specific incorporation of the donor (DTPA-Eu-DTPA-AMCA-maleimide) (22) and the acceptor (Cy5 maleimide) into selected domains of σ 70 was achieved by preparing a set of σ 70 mutants with pairs of unique reactive cysteine residues engineered into the desired locations. Since both donor and acceptor were thiol-reactive, and both labeling sites were cysteine residues, a mixture of donordonor, donor-acceptor, and acceptor-acceptor labeling resulted. However, by using LRET, the sensitized emission arising from only the donor-acceptor complex could be measured. Good quality determinations of τ ad were possible in this case even though the donor-acceptor species constituted only approximately 25% of the mixture. This is possible because the donor-only and acceptor-only species do not contribute background signals. Representative LRET data are shown in Figure 9 . It would be difficult to perform these measurements with FRET utilizing classical fluorescence probes. revealed that most distances were significantly increased upon binding of σ 70 to the core polymerase. (DNA was not present in these experiments because σ 70 binding to the core polymerase is not DNA dependent.) One of the distances measured, between residues 442 and 366, allowed a direct comparison between a distance measured by LRET in solution and a distance between the same residues measured in the crystal structure (38) . Excellent agreement between these distances was found-35Å in the crystal structure versus 38Å measured via LRET-providing a further validation of LRET results. In total six distances between four sites in the σ 70 protein were measured, making it possible to build three-dimensional models of the architecture of σ 70 protein domains in free and core-bound protein. In conclusion, these DNA and DNA-protein studies were greatly facilitated by LRET's ability to measure long distances and under labeling conditions where only a small fraction of the protein contained both donor and acceptor labels.
APPLICATION 3: MEASURING MOLECULAR INTERACTIONS IN A CELL
Douglas Root has used LRET to study the interaction of the proteins dystrophin and actin in the muscle cell (46) . Dystrophin is present in the inner muscle cell membrane and is believed to stabilize muscle fibers by binding to actin filaments and ultimately creating a bridge to the extracellular matrix. This model requires the direct association (close proximity) between dystrophin and actin, and there is significant in vitro evidence for this. However, because some proteins bind in vitro but not in vivo, Root asked the question whether this association is present in the muscle cell.
Root used thin (20 µM) tissue sections of muscle cells and specifically labeled dystrophin with monoclonal antibodies labeled with Tb-DTPA-cs124. Actin was stained with phalloidin-tetramethylrhodamine. This pair was reported to have a R o of 59Å, although 56Å is probably more accurate (e.g., Table 1 , which lists values for R o s) (64) . In any case, a relatively large R o is necessary to get reasonable energy transfer because of the large size of antibodies (≈100Å). If the donor antibody on dystrophin is in close proximity, roughly within R o , of the acceptor-labeled actin, then energy transfer should be observed. If the distance is large ( R o ), then no energy transfer is expected.
In fixed tissues donor intensity decreased 40% (in unfixed tissue 60%) in the presence of acceptor, indicating significant energy transfer and therefore a close association between anti-dystrophin antibodies and actin ( Figure 10 ). Sensitized emission (using delayed detection to eliminate prompt acceptor fluorescence) was also observed. In addition, Root measured donor and sensitized-emission lifetime measurements (fitting to a single exponential) and found that the sensitizedemission lifetime (at 568 nm) was similar but somewhat shorter than the donorlifetime (at 547 nm) [data not presented here, but see (46) ]. This indicates that most, but not all, of the anti-dystrophin antibodies had an acceptor nearby. (A comparison of donor lifetime to sensitized-emission lifetime gives information about the 
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SELVIN distribution of donor-acceptor complexes: Donor-emission measurements are weighted toward those transferring less energy, and sensitized-emission measurements are weighted toward those transferring more energy. For example, if some donors have no acceptors nearby, this will lengthen the average donor lifetime, whereas it does not affect the sensitized-emission lifetime because this latter signal arises only from those complexes that can transfer energy.)
Root also looked at the spatial distribution of the anti-dystrophin antibodies by performing LRET in a microscope. Examining 90-µm diameter regions of the tissue sections, dual-labeled samples yielded a sensitized-emission lifetime of 0.7+/−0.1 msec, but donor-emission lifetimes were more variable, ranging from 0.7 msec to 1.4 msec. Root suggested that the association for dystrophin for actin may have micro-heterogeneity within the cell.
Finally, Root compared the detection of molecular colocalization using LRET with the conventional technique of immunofluorescence colocalization. In immunofluorescence colocalization, the association of two objects are inferred by staining them with different dyes and looking for spatial overlap of the fluorescence from the two dyes in the microscope. This technique, although widely used, is limited in spatial resolution by conventional diffraction (submicron resolution) and therefore cannot differentiate between a true molecular association (nm scale) and nearby binding (submicron). Root looked for the association of dystrophin with nucleotide-binding proteins. Specifically, he stained muscle sections with the terbium-labeled anti-dystrophin antibody and with ATP bound to the dye Cy3, which is spectrally similar to tetramethylrhodamine. Both were found in the cell periphery by immunofluorescence microscopy, but no energy transfer was found, indicating that they were in the same vicinity but may not be molecularly interacting. Hence, the combination of using lanthanides as donors, which can produce significant energy transfer even with antibodies, and the extra spatial resolution of resonance energy transfer yields a more accurate picture of molecular interactions than conventional immunofluorescence microscopy.
APPLICATION 4: DETECTION OF BINDING IN HIGH-THROUGHPUT SCREENING
Biochemistry, at its fundamental level, is the interaction of macromolecular complexes. The detection of such events, and the ability to alter them through drugs, is essential for basic and applied science. With combinatorial chemical methods, it is now possible to produce millions of proto-drugs, and the ability to screen these rapidly, cheaply, and sensitively is crucial in drug development efforts. LRET has become increasingly popular for this purpose. LRET has several advantages. First, LRET is nonisotopic and hence avoids the health, environmental, and cost problems associated with radioactive assays, which historically have been standard. Second, LRET is homogenous, i.e., requires no separation or wash steps. Third, because LRET can measure fairly long distances, generic labeling reagents, which are often relatively large, can be used. This has the enormous advantage of being able to use one or a few sets of labeling reagents (e.g., antibodies, streptavidin, Protein A) for many different assays. Fourth, the ability to detect relatively small amounts of energy transfer-generally through sensitized emission, which is sensitive to only donor-acceptor pairs-enables the analysis of samples that may have only a small percentage of fully labeled donor-acceptor pairs. This is particularly relevant when using complex mixtures such as cell extracts. Finally, LRET can be detected at (sub-) nanomolar concentrations, which minimizes reagent use and is often required if measuring the binding of nanomolar-affinity complexes. Figure 11a highlights an assay to measure protein-protein interaction using generic reagents (34, 42) . Jun and Fos oncogenes produce proteins that form a heterodimer. The dimer can bind to DNA and regulate transcription. Drugs that inhibit this dimerization are of potential therapeutic value. In one screening assay, a 40-amino acid section of Jun and of Fos, both containing the leucine zipperbinding domains responsible for dimerization, was synthesized and labeled with a biotin-avidin-chelate and the large fluorescent phycobiliprotein allophycocanin. Dimerization led to sensitized emission of the APC. Addition of an inhibitor disrupted dimerization and hence decreased APC-sensitized emission. Therefore screening for drugs that inhibit Jun-Fos dimerization can be readily achieved using LRET.
A second example using LRET and generic labels involves monitoring ligand-receptor interactions, which are often the first or early steps in a long biochemical cascade. In Figure 11b , an interleukin 4 (IL-4) ligand is biotinylated and then labeled with an APC-streptavidin (44) . The IL-4 receptor (IL-4R) is expressed as a fusion protein with a Fc fragment. A europium-labeled protein-A is then used to label the Fc fragment of the IL-4R. The nanomolar-binding affinity for ligand and receptor is readily measured by changes in APC-sensitized emission.
FINAL REMARKS
New biophysical techniques invariably open up new applications. The development of new probes is leading to a dramatic expansion of the use of fluorescence in general and FRET-based techniques in particular. The most pressing issue is the ability to site-specifically label probes. Temporal and spectral discrimination when using lanthanides in energy transfer measurements help decrease the sensitivity to nonspecific labeling. However, particularly for cellular work, more selective means of attachments for both donors and acceptors are needed. Two different methods, one for donor, and one for acceptor, would be ideal. Genetically encoded dyes such as green fluorescent proteins is one method of selective attachment (56); dyes such as "FLASH," which bind to a highly unusual six-amino acid motif via an arsenic moiety, is another (19) ; dyes modified to contain Ni, which can then coordinate to a hexahistidine group engineered into a protein, is yet another (31) . Using the power of these new labeling methods with the power of lanthanides will likely shed new light on biophysical systems in the near future.
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